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Abstract: Ecological restoration by Tamarix plants on semi-arid saline lands affects the accumulation, 
distribution patterns and related mechanisms of soil water content and salinity. In this study, 
spatio-temporal variations of soil water content and salinity around natural individual Tamarix ramosissima 
Ledeb. were invetigated in a semi-arid saline region of the upper Yellow River, Northwest China. 
Specifically, soil water content, electrical conductivity (EC.), sodium adsorption ratio (SAR.), and salt ions 
(including Nat, K*, Ca?t, Mg?* and SO4?-) were measured at different soil depths and at different 
distances from the trunk of T. ramosissima in May, July, and September 2016. The soil water content at the 


20-80 cm depth was significantly lower in July and September than in May, indicating that T. ramosissima 
plants absorb a large amount of water through the roots during the growing period, leading to the 
decreasing of soil water content in the deep soil layer. At the 0—20 cm depth, there was a salt island effect 
around individual T. ramosissima, and the EC, differed significantly inside and outside the canopy of T. 
ramosissima in May and July. Salt bioaccumulation and stemflow were two major contributing factors to 
this difference. The SAR, at the 0—20 cm depth was significantly different inside and outside the canopy of 
T. ramosissima in the three sampling months. The values of SAR-at the 60-80 cm depth in May and July 
were significantly higher than those at the 0—60 cm depth and higher than that at the corresponding depth 
in September. The distribution of Na* in the soil was similar to that of the SAR., while the concentrations 
of K+, Ca?*, and Mg?* showed significant differences among the sampling months and soil depths. Both 
season and soil depth had highly significant effects on soil water content, EC, and SAR., whereas distance 
from the trunk of T. ramosissima only significantly affected EC.. Based on these results, we recommend 
co-planting of shallow-rooted salt-tolerant species near the Tamarix plants and avoiding planting 
herbaceous plants inside the canopy of T. ramosissima for afforestation in this semi-arid saline region. The 
results of this study may provide a reference for appropriate restoration in the semi-arid saline regions of 
the upper Yellow River. 
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1 Introduction 


Tamarix (Tamaricaceae) plants are dominant tree species distributed in the semi-arid saline 
regions of the upper Yellow River. More than 10 species of Tamarix are distributed in these 
regions, and these species are typical salt-secreting halophytes (Sookbirsingh et al., 2010). In 
China, Tamarix plants are considered as excellent species for soil and water conservation as well 
as for afforestation in saline regions (Zhang et al., 2002). Large-scale planting of Tamarix plants 
can influence the distributions of soil water content and salinity in saline regions. The 
spatio-temporal variations of soil water content and salinity can, in turn, largely determine the 
spatial distributions of other vegetation types (Wu et al., 2009; He et al., 2014, 2015). These 
cascading effects are likely to influence how vegetation restoration occurs in saline regions. The 
semi-arid saline regions of the upper Yellow River are mostly located in the Yellow River 
irrigation area, where the spatio-temporal variations of soil water content and salinity are complex 
due to special hydrological conditions such as uneven rainfall distribution, shallow groundwater 
depth, and high salinity of groundwater. The spatio-temporal variations of soil water content and 
salinity around individual Tamarix plants are unclear in these regions. Such variations are closely 
related to regional vegetation restoration and vegetation allocation. Therefore, identifying the 
relationships between the Tamarix plants and spatio-temporal variations of soil water content and 
salinity in the semi-arid saline regions of the upper Yellow River will be important for vegetation 
restoration and vegetation allocation in future. 

It has been shown that salt bioaccumulation could cause a salt island effect around individual 
Tamarix stands (Grubb et al., 1997), reflecting the spatial heterogeneity of soil on a small scale. 
The salt island effect also has a profound impact on the vegetation pattern of an ecosystem on a 
large scale (Hillerislambers et al., 2001). Some studies have observed a significant increase in soil 
salinity under the canopy of Tamarix plants in different land-cover types, including riparian 
corridors (Ladenburger et al., 2006), deserts (Yin et al., 2010), saline-alkali lands (Zhang and 
Chen, 2015) and coastal wetlands (Liu et al., 2017). However, Ohrtman et al. (2012) noted that 
soil salinity under the canopy of Tamarix plants was lower than that in an adjacent area without 
woody cover under non-flooded conditions. Additionally, Lesica and DeLuca (2004) and Li et al. 
(2007) found no difference in soil salinity inside and outside the canopy of Tamarix plants. It 
should be mentioned that previous related studies (e.g., Ladenburger et al., 2006; Yin et al., 2010; 
Zhang and Chen, 2015) mainly focused on the enrichment effect of Tamarix plants on soil salinity 
at a single time point. Numerous studies on soil water under Tamarix plants have also shown that 
the distribution of soil water varies greatly from region to region. Di Tomaso (1998) and Xia et al. 
(2016) noted that Tamarix plants could reduce soil water content. In contrast, Guan et al. (2009) 
found that soil water storage capacity was higher in the root zone of Tamarix chinensis Lour. than 
in an adjacent unplanted area in a saline coastal area of Shandong Province, China. 

Investigating the spatio-temporal distributions of soil water content and salinity on the 
individual plant scale plays an important role in optimal vegetation management (Parkin, 1993). 
To date, few studies have investigated the spatio-temporal variations of soil water content and 
salinity around individual Tamarix plants in the semi-arid saline regions of the upper Yellow River. 
In the present study, we analyzed the spatial distributions and seasonal variations of soil water 
content, electrical conductivity (EC), sodium adsorption ratio (SAR.), and salt ions at different 
soil depths and at different distances from the trunk of Tamarix ramosissima Ledeb. during the 
growing period in a semi-arid saline region of the upper Yellow River. Since T. ramosissima is a 
natural specie commonly found in this study region, we hope that this study could provide a 
reference for the restoration and spatial allocation of vegetation in the semi-arid saline regions of 
the upper Yellow River. 


2 Materials and methods 


2.1 Study area 


The study area was located on Shuxin Forest Farm of Xiaoba Town, Qingtongxia City, Ningxia 
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Hui Autonomous Region, Northwest China (38°01'N, 105°56’E; 1139 m a.s.l.). This region lies 
within the irrigation area of Yinchuan Plain along the upper reaches of the Yellow River. It should 
be noted that the region was previously a saline lake. The study area is characterized by a 
temperate continental climate with low precipitation (mean annual precipitation of 260.7 mm) and 
high evaporation (mean annual evaporation of 1296 mm). The annual mean temperature is 8.5°C 
and the mean annual sunshine hour is 2295 h. The average groundwater level is approximately 1.5 
m and the total dissolved solid concentration of groundwater is in the range of 3—13 g/L. Native 
plant species include T. ramosissima, Phragmitesaustralis (Cav.) Trin. exSteud., Suaeda salsa (L.) 
Pall., Achnatherumsplendens (Trin.) Nevski., and Agropyroncristatum(Linn.) Gaertn. The soil of 
the study area is sandy soil. 


2.2 Sampling methods 


2.2.1 Characteristics of sampling plot 


A sampling plot with an area of 20 mx20 m was selected within the natural T. ramosissima 
community in the study area. Three living individual T. ramosissima plants in the sampling plot 
were selected as the targets for investigation. The selected plants had similar canopy size, height, 
and stem diameter measurements. Morphological traits of the selected T. ramosissima plants and 
characteristics of the understory vegetation are shown in Table 1. Measurements of soil water 
content and salinity were carried out on 10 May (spring), 15 July (summer) and 21 September 
(autumn), 2016. Table 1 shows the basic soil physical characteristics at the 0-80 cm soil depth in 
the sampling plot. The soil in the sampling plot is sandy soil. Furthermore, the soil is saline-sodic 
with high EC, and SARe, and the dominant salts are sodium and sulfate. 


Table 1 Characteristics of the sampling plot 
Morphological traits of the selected 


T ramosissina Understory vegetation Soil texture 
- Stem - Soil EC. Soil Soil SAR. 
Mean iÀ Canopy size ee Dominant (mS/cm) pH. (mmol/L)°* Sand Silt Clay 
height (m) pe (mxm) Coverage (%) species (%) (%) (%) 
4.19 <5% in May; Suaeda salsa 
3.99 5.02 0 06)x4 25 20%-30% in and 11.29 7.77 24.34 81.75 8.50 9.75 
(0.10) (0.28) i i Jul; <10% in Phragmitesau (0.56) (0.08) (3.86) (2.96) (2.09) (1.27) 
0.25) Sep stralis 


Note: EC,, electrical conductivity; SARe, sodium adsorption ratio. Values in the parentheses represent standard deviations. 


2.2.2 Soil sampling 

Soil samples were collected using the concentric circle method (Zhang et al., 2016). For each 
individual T. ramosissima, we taken the trunk as the center of measurement and collected soil 
samples in four directions using a 5-cm-diameter soil auger. As shown in Figure 1, the sampling 
points were distributed at 50, 100, 150, 200 and 250 cm from the trunk in four directions. 
Specifically, three sampling points (50, 100, and 150 cm from the trunk) were situated inside the 
canopy of T. ramosissima, one sampling point (200 cm from the trunk) was located at the edge of 
the canopy, and one sampling point (250 cm from the trunk) was located outside the canopy. The 
soil was sampled at four depths (0-20, 20—40, 40—60, and 60-80 cm) with three replicates. Finally, 
a total of 720 soil samples (5 sampling pointsx4 soil depthsx4 directionsx3 repetitionsx3 
sampling months) were collected. For each soil sample, a part of the sample was separated out to 
measure soil water content and the remainder was stored in a sealed plastic bag to measure the 
other physical and chemical properties. 


2.3 Measurements and calculations 


Rainfall and air temperature data were collected using a small weather station (HOBOware U30, 
Onset, USA) during the growing season of T. ramosissima. Soil water content was measured 
using the oven-drying method. Soil samples used for measuring the other physical and chemical 
properties were air-dried and then sieved with a 1-mm mesh sieve. Soil ECe, SARe, pHe and 
concentrations of soluble ions (including Nat, K+, Ca**, Mg?+ and SO4%) were measured for all 
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o Sampling point inside the canopy 
A Sampling point at the edge of the canopy 


Trunk of Tamarix ramosissima” o Sampling point outside the canopy 


Fig. 1 Layout of the sampling points 


samples as saturated paste extract. Soil texture was determined using a laser particle size analyzer 
(S5300, Microtrac, USA) after the soil was treated with dispersant. Soil pH. and EC. were 
determined using a pH meter (PHS-3C, Leici, China) and a conductivity meter (DDS-307, Leici, 
China), respectively. The concentrations of soluble ions were determined using an Inductively 
Coupled Plasma Optical Emission Spectrometer (Optima 5300DV, PerkinElmer, USA). Soil SAR- 
was calculated using the following formula (Sou/Dakouré, 2013): 


Chat (1) 


1 $ 
i Ca T Cue” ) 


where, Cna+is the concentration of Na+ (mmol/L); Cc, is the concentration of Ca?*+ (mmol/L); 
and Cmg?+ is the concentration of Mg”* (mmol/L). 


SAR, = 


2.4 Data analysis 


Soil water content and salinity data were analyzed using SPSS software version 18.0 (IBM, USA). 
One-way analysis of variance and least significant difference tests were used to analyze the 
differences in soil properties. In addition, Student-Newman-Keuls test was used to determine the 
effects of season, sampling location, soil depth and their interactions on soil water content and 
salinity. Differences of P<0.05 were considered significant. Furthermore, Microsoft Excel 2007 
was used for data analysis and mapping. 


3 Results 


3.1 Variations in rainfall and air temperature during the growing season of T. ramosissima 


The total rainfall was 193.1 mm for the whole growing season of T. ramosissima, with 52.3% of 
total rainfall occurring during the high-growth period in July and August. As shown in Figure 2, 
rainfall in May 2016 (41.2 mm) was the highest among the three sampling months (i.e., May, July, 
and September), and it was also higher than the long-term average monthly rainfall in May (19.0 
mm) in the region. Rainfall in September 2016 (11.5 mm) was the lowest among the three 
sampling months, and it was also lower than the long-term average monthly rainfall in September 
(26.0 mm). Furthermore, rainfall in July 2016 (37.8 mm) was slightly lower than the long-term 
average monthly rainfall in July (41.0 mm). The mean air temperature was highest in July 
(25.5°C), followed by September (19.4°C) and May (18.6°C). Air temperature showed irregular 
fluctuations during the whole growing season of T. ramosissima (Fig. 2). 


3.2 Basic soil properties 


Statistical analyses of soil water content, EC., and SAR at different soil depths around individual 
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Fig.2 Rainfall and air temperature during the growing season of T. ramosissima 


T. ramosissima are shown in Table 2. Soil water content generally increased with increasing soil 
depth in all sampling months, with exceptions of 20—40 cm depth in July and September. 
Specifically, soil water content at the 20—40 cm depth was lower than that at the 0-20 cm depth in 
July and September. There were significant differences in the soil water content at different soil 
depths among the three sampling months (May, July, and September; P<0.05). The values of soil 
water content at the 60-80 cm depth were 4.9, 3.2, and 1.4 times higher than those at the 0-20 cm 
depth in May, July, and September, respectively. Table 2 shows that the CV (coefficient of 
variation) of soil water content at different soil depths in different sampling months varied from 
31% to 80%. The CV of soil water content at the 0-20 cm depth was greater than that at the 
20-80 cm depth in May and September. There were small differences in the CV of soil water 
content among different soil depths in July. 


Table 2 Statistical parameters of soil water content, ECe, and SARe around individual T. ramosissima 


Soil Soil water content EC, SAR. 
Month depth Mean SD CV Mean SD CV Mean SD CV 
(cm) (%) (%) (%) (mS/cm) (mS/cm) (%) (mmol/L)5 (mmol/L) (%) 
0-20 2.96448 1.89 64.0 7.498 6.10 81.4 14.90°8 5.02 33.7 
20-40 6.05° 2.03 33.5 7.928 4.50 56.8 15.62°8 5.18 33.2 
May 40-60 9.18>4 2.87 31.3 13.27>4 6.65 50.1 20.67°8 11.40 55.1 
60-80 14.46 4.87 33.7 16.48 6.39 38.8 51.79% 38.61 74.6 
0-20 2.348 1.56 66.7 11.73>4 10.29 87.7 19.90°4 6.92 34.8 
ial 20-40 2.07€ 0.99 48.1 9.97>4 6.03 60.4 20.23>4 7.03 34.8 
40-60 4.21°8 2.86 67.9 15.02°4 8.07 53.7 26.32>4 14.86 56.5 
60-80 7.518 4.48 59.7 16.53% 8.84 53.5 52.40 45.47 86.8 
0-20 3.48°4 2.76 79.5 8.38" 6.50 77.6 15:17" 5.25 34.6 
Sep 20—40 3.1258 0.97 31.1 7.508 5.49 73.2 15.88" 5.49 34.6 
40-60 4.278 1.83 42.8 10.04°8 6.17 61.5 17.87°8 6.36 35.6 
60-80 4.97°C 2.18 43.8 16.06% 8.21 51.1 21.278 7.73 36.3 


Note: SD, standard deviation; CV, coefficient of variation. Different lowercase letters indicate significant differences at different soil 
depths in the same sampling month (P<0.05); different capital letters indicate significant differences in different sampling months at the 
same soil depth (P<0.05). 


The variation of EC, in the vertical soil profile was consistent with that of soil water content. 
That is, the EC. generally increased with increasing soil depth with exceptions of EC. at the 
20—40 cm depth in July and September. Also, the EC. at the 20-40 cm depth was lower than that 
at the 0-20 cm depth in July and September. There were significant differences in the ECe among 
different soil depths in May and September (P<0.05), and the values of EC. at the 60—80 cm depth 
were 2.2 and 1.9 times higher than those at the 0-20 cm depth, respectively. Additionally, there 
was a significant difference of EC. between the 0—40 and 40-80 cm depths in July (P<0.05), with 
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the latter being 31.2% higher than the former. The EC, first increased and then decreased during 
the three sampling months at all soil depths. The CV of EC, was highest at the 0-20 cm depth in 
all sampling months. 

As similar as soil water content and EC., the SARe also increased with increasing soil depth. 
The SAR. at the 60-80 cm depth showed distinct peaks in May and July, and was significantly 
higher than that at the 0—60 cm depth for the same months (P<0.05). The values of SAR¢ at the 
60-80 cm depth were 3.5 and 2.6 times higher than those at the 0-20 cm depth (P<0.05) in May 
and July, respectively. There were significant differences in the SAR. among different soil depths 
in September (P<0.05), and the SAR. at the 60-80 cm depth was 1.4 times higher than that at the 
0-20 cm depth. Furthermore, the CV of SARe was highest at the 60-80 cm depth. 

As shown in Table 3, the pH. at the 60-80 cm depth was significantly higher than that at the 0—60 
cm depth in May and July (P<0.05), whereas the pH. at the 0—40 cm depth was significantly higher 
than that at the 40-80 cm depth in September (P<0.05). The pHe value at each soil depth in May 
was significantly higher than those in July and September (P<0.05). The cations in the soil around 
individual T. ramosissima were dominated by Nat, which was mainly distributed in the deep soil 
depths. The Na* concentration at the 40-80 cm depth was significantly higher than that at the 0-40 
cm depth in all sampling months (P<0.05). The Nat concentration was found to be highest in July. 
The concentrations of K+, Ca*+, and Mg? were relatively low, and all of them showed significant 
differences among the sampling months and soil depths (P<0.05). The concentration of SO4?” 
generally increased with increasing soil depth. There was no significant difference of SO4? 
concentration at the 60-80 cm depth among the sampling months. The CV values of Nat, Ca?+, and 
Mg” concentrations were highest at the 0-20 cm depth in all sampling months. 


3.3 Variations in soil water content and salinity at different distances from individual T. 
ramosissima 


3.3.1 Variations in soil water content 


Variations of soil water content at different soil depths and at different distances from the trunk of 
T. ramosissima showed different trends for the three sampling months. In May, the soil water 
content at the 0-20 cm depth gradually decreased with increasing distance from the trunk of T. 
ramosissima, and the soil water content inside the canopy (50 cm from the trunk) was two times 
higher than that outside the canopy (250 cm from the trunk) (Fig. 3a). At the 20-40 cm depth, the 
soil water content initially decreased and then increased with increasing distance from the trunk, 
and the difference was significant between the 50- and 150-cm distances from the trunk (P<0.05). 
At the 40—80 cm depth, the soil water content did not significantly differ inside and outside the 
canopy. In July, the highest soil water content at the 0-20 cm depth occurred outside the canopy 
(250 cm from the trunk), while the lowest value occurred at the edge of the canopy (200 cm from 
the trunk) (Fig. 3b). The soil water content inside the canopy increased with increasing distance 
from the trunk. There was no significant difference in the soil water content inside and outside the 
canopy at the 0—60 cm depth. However, at the 60—80 cm depth, the soil water content outside the 
canopy was significantly higher than those at the edge of canopy and inside the canopy (P<0.05). 
In September, variation of soil water content at the 0-20 cm depth (Fig. 3c) was similar to that 
observed in May (Fig. 3a). That is, in September, soil water content at the 0-20 cm depth 
decreased with increasing distance from the trunk (Fig. 3c). Furthermore, there was no significant 
difference in the soil water content inside and outside the canopy across the 0-80 cm depth. 


3.3.2 Variations in soil electrical conductivity (ECe) 


The spatio-temporal distributions of soil EC. around individual T. ramosissima showed 
substantial differences at different distances from the trunk. As shown in Figure 4, at the 0-20 cm 
depth, the EC. values at the 50- and 100-cm distances from the trunk were higher than those at the 
other sampling points in all sampling months, demonstrating an obvious salt island effect around 
the individual T. ramosissima. In May, the EC. at the 0-20 cm depth was significantly higher 
inside the canopy (50 and 100 cm from the trunk) than outside the canopy (250 from the trunk) 
and at the edge of the canopy (200 from the trunk) (P<0.05; Fig. 4a). At the 20-40 cm depth, the 
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Table 3 Statistical parameters of concentrations of soluble ions and pHe values around individual T. ramosissima 


Soil depth Na* concentration Ca** concentration Mg” concentration 
Month (cm) Mean SD CV Mean SD CV Mean SD CV 
(g/kg) (g/kg) (%) (g/kg) (g/kg) (%) (g/kg) (g/kg) (%) 
0-20 1.10% 0.84 76.4 0.26" 0.25 96.2 0.114 0.12 109.1 
May 20-40 1.20% 0.69 57.5 0.284 0.19 67.9 0.10°4 0.09 90.0 
40-60 211°" 1.20 56.9 0.45 0.20 44.4 0.21° 0.15 71.4 
60-80 3.08 1.28 41.6 0.21°8 0.19 90.5 O47 0.14 82.4 
0-20 1.74>4 1.52 87.4 0.38% 0.41 107.9 0.16“ 0.21 131.3 
20-40 1.55>4 0.97 62.6 0.294 0.21 72.4 0.11>4 0.09 81.8 
l 40-60 2.49 1.50 60.2 0.408 0.21 52.5 0.18“ 0.12 66.7 
60-80 3.11% 1.92 61.7 0.24°8 0.21 87.5 0.15%°8 0.12 80.0 
0-20 1.15% 0.80 69.6 0.324 0.36 112.5 0.124 0.13 108.3 
Sep 20—40 1.09°® 0.75 68.8 0.26°^ 0.26 100.0 0.094 0.09 100.0 
40-60 1.48°8 0.93 62.8 0.35" 0.25 71.4 0.128 0.10 83.3 
60-80 2.3988 1.25 52.3 0.53%“ 0.30 56.6 0.27 0.21 77.8 
Soil depth K* concentration SO,” concentration pH. 
Month (cm) Mean SD CV Mean SD CV ian = CV 
(g/kg) (g/kg) (%) (g/kg) (g/kg)  (%) (%) 
0-20 0.09°¢ 0.05 55.6 0.87°4 0.63 72.4 7.764 0.23 3.0 
May 20-40 0.05°¢ 0.02 40.0 1.11248 0.77 69.4 7.58 0.23 3.0 
40-60 0.04°8 0.02 50.0 2.46* 1.43 58.1 7:57% 0.26 3.4 
60-80 0.05°8 0.02 40.0 2.844 1.64 57.7 8.18% 0.63 7.7 
0-20 0.24°4 0.22 91.7 1.174 0.90 76.9 7.498 0.22 2.9 
‘i 20-40 0.18% 0.28 155.6 1.22>4 0.94 77.0 7.398 0.18 2.4 
40-60 0.15°4 0.18 120.0 2.454 1.71 69.8 7.378 0.15 2.0 
60-80 0.13>4 0.14 107.7 2.62 1.97 75.2 7.788 0.66 8.5 
0-20 0.148 0.09 64.3 1.01°4 0.86 85.1 TAT 0.20 2.7 
20-40 0.09°8 0.05 55.6 0.85°8 0.73 85.9 7.46°8 0.26 3.5 
Sep 40—60 0.07°8 0.06 85.7 1.338 1.02 76.7 7.368 0.23 3.1 
60-80 0.07°8 0.04 57.1 2.69% 1.62 60.2 7.28°C 0.21 2.9 


Note: Different lowercase letters indicate significant differences at different soil depths in the same month (P<0.05); different capital 
letters indicate significant differences in different months at the same soil depth (P<0.05). 


EC, inside the canopy was significantly higher at the 100-cm distance from the trunk than at the 
150-cm distance from the trunk (P<0.05). At the 40-80 cm depth, no significant difference was 
found between the EC, inside and outside the canopy. In July, at the 0-20 cm depth, the EC, 
inside the canopy was 48.0% and 55.2% higher than those outside the canopy and at the edge of 
the canopy, respectively (P<0.05; Fig. 4b). At the 20-60 cm depth, there was no significant 
difference between the EC, inside and outside the canopy. At the 60—80 cm depth, the EC, outside 
the canopy was significantly higher than that inside the canopy at the 100-cm distance from the 
trunk (P<0.05). In September, the EC, at the 0-20 cm depth did not significantly differ inside and 
outside the canopy, whereas the EC, at the 20-80 cm depth was significantly different inside and 
outside the canopy (P<0.05; Fig. 4c). 

3.3.3 Variations in soil sodium adsorption ratio (SARe) 

Similar to EC., the SAR, at the 0-20 cm depth was significant high inside the canopy of T. 
ramosissima in all sampling months (Fig. 5). Specifically, the SARe value at the 0-20 cm depth 
was significantly higher inside the canopy at the 100-cm distance from the trunk than those 
outside the canopy (250 cm from the trunk) and at the edge of the canopy (200 cm from the trunk) 
(P<0.05) in May and September. Additionally, in July, the SAR. at the 0-20 cm depth inside the 
canopy at the 50-cm distance from the trunk was 27.5% and 19.3% higher than those outside the 
canopy and at the edge of the canopy, respectively (P<0.05). In May, the SAR. at the 20-80 cm 
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Fig. 3 Variations of soil water content at different soil depths and at different distances from the trunk of T. 
ramosissima in May (a), July (b) and September (c). The legends indicate distances from the trunk of T. 
ramosissima. Different lowercase letters indicate significant difference among different distances from the trunk 
of T. ramosissima at the same soil depth (P<0.05). Bars mean standard deviations. 
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Fig. 4 Variations of electrical conductivity (EC-) at different soil depths and at different distances from the trunk 
of T. ramosissima in May (a), July (b) and September (c). The legends indicate distances from the trunk of T. 
ramosissima. Different lowercase letters indicate significant differences among different distances from the trunk 
at the same soil depth (P<0.05). Bars mean standard deviations. 
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Fig. 5 Variations of sodium adsorption ratio (SARe) at different soil depths and at different distances from the 
trunk of T. ramosissima in May (a), July (b) and September (c). The legends indicate distances from the trunk of T. 
ramosissima. Different lowercase letters indicate significant differences among different distances from the trunk 
at the same soil depth (P<0.05). Bars mean standard deviations. 


depth did not significantly differ inside and outside the canopy (Fig. 5a). In July, the SAR- at the 
20—40 cm depth decreased with increasing distance from the trunk of T. ramosissima, and the 
SAR, inside the canopy at the 50-cm distance from the trunk was 16.6% higher than that outside 
the canopy (Fig. 5b). Moreover, there was a significant difference of SAR- at the 40-80 cm depth 
inside and outside the canopy (P<0.05). In September, the SAR, values at the 20—40 and 60-80 
cm depths inside the canopy were significantly higher than those outside the canopy and at the 
edge of the canopy (P<0.05; Fig. 5c). The SAR. at the 40—60 cm depth inside the canopy was also 
significantly higher than that at the edge of the canopy (P<0.05). The SAR- at the 0-20 cm depth 
differed significantly inside and outside the canopy in all sampling months (P<0.05). 


3.4 Effects of season, distance and soil depth on soil water content and salinity around 
individual T. ramosissima 


Multivariate analysis of variance shows that season and soil depth had highly significant effects 
on soil water content, ECe, and SARe around individual T. ramosissima (P<0.01; Table 4). 
However, distance from the trunk only significantly affected EC. around individual T. 
ramosissima (P<0.05), indicating that there were significant differences in ECe inside and outside 
the canopy of T. ramosissima, and that salt enrichment led to the formation of a salt island under 
the canopy. The relationship between season and soil depth was highly significant for soil water 
content and SAR. (P<0.01). However, the relationships between season and distance, and 
between distance and soil depth, and the relationship among these three factors were not 
significant either for soil water content or for soil salinity. 


4 Discussion 


4.1 Spatio-temporal variations of soil water content around individual T. ramosissima 


Spatial heterogeneity of soil physical-chemical properties is common in arid and semi-arid 
regions, and plants (e.g., shrubs) contribute mostly to this variation (Zhang et al., 2001). In the 
horizontal direction, we found that soil water content in the surface soil layer (0—20 cm) increased 


JOURNAL OF ARID LAND 


Table 4 Multivariate analysis of variance for the effects of season, distance and soil depth on soil water content 
and salinity around individual T. ramosissima 


F value 
Factors - 
Soil water content EC. SAR, 
Season 182.505” 9.963” 24.745" 
Distance 1.014" 3.054" 0.923" 
Soil depth 172.708" 46.599" 67.882" 
SeasonxDistance 0.390" 0.896"* 0.087"* 
SeasonxSoil depth 35.997" 1.869" 10.503" 
DistancexSoil depth 0.266" 1.064" 0.085" 
SeasonxDistancexSoil depth 0.483" 0.413" 0.041" 


Note: *, significant difference at P<0.05 level; ™*, significant difference at P<0.01 level; "S, not significant. 


with increasing distance from the trunk of T. ramosissima only in July, while the opposite trend 
was observed in May and September (Fig. 3). Additionally, soil water content in the surface soil 
layer (0-20 cm) inside the canopy of T. ramosissima was significantly higher than that at the edge 
of the canopy and outside the canopy of T. ramosissima in May. However, no consistent trends 
were found in soil water content at the 20-80 cm depth. Our results differ from the results of Yin 
et al. (2007), who found that soil water content inside the canopy of Tamarix shrubs was lower 
than that outside the canopy. In this study, the lower soil water content inside the canopy of T. 
ramosissima in July was perhaps induced by the transpiration through water uptake by the roots 
(Ehleringer et al., 1991; Mounsif et al., 2002). This inference is supported by the decreasing soil 
water content at the 20—60 cm depth over the study period. 

In the vertical profile, the soil water content around individual T. ramosissima increased with 
increasing soil depth, and the CV of soil water content showed moderate variation at all depths 
(Table 2) (Nielsen and Bouma, 1985). The soil water content at the 20-80 cm depth in May was 
significantly higher than those in July and September, indicating that there was a clear seasonal 
variation of soil water content around individual T. ramosissima. This variation may be resulted 
from the interaction of climate, soil, and vegetation-related factors. The soil in the study area was 
sandy soil with poor water-holding capacity and high water permeability, thus soil water content 
is higher in the deep soil layer than in the surface soil layer. It should be noted that there was 
relatively high rainfall, low temperature, and weak evaporation before the sampling in May. In 
contrast, there was relatively low rainfall, high temperature, and strong evaporation before the 
sampling in July and September (Fig. 2). This may be the major reason that soil water content was 
overall higher in May than in July and September. 

Tamarix plants can absorb water from multiple sources and they have the capacity to tolerate 
drought (Nippert et al., 2010; Yu et al., 2013; Wu et al., 2016). Chen et al. (2016) stated that 
groundwater and deep soil water are the main sources of water for T. ramosissima, and that the 
hydraulic lift by the roots ensures the shallow soil layer maintaining a certain level of soil water 
content. Zhou et al. (2013) also found that the absorbing roots of T. ramosissima are distributed in 
the deep soil layer, and deep soil water and groundwater contribute 90% of the water sources for T. 
ramosissima. Indeed, Tamarix is a highly water-consuming genera (Gay and Fritschen, 1979; Sala 
et al., 1996; Cleverly et al., 1997; Nagler et al., 2005). Schofield (1992) found that Tamarix plants 
can significantly lower the groundwater level via high water consumption. The water 
consumption of Tamarix plants is highest in summer, followed by autumn. In addition to 
groundwater, Tamarix plants also need to absorb water from the deep soil layer to maintain the 
normal growth both in summer and autumn. Consequently, the soil water content in the deep soil 
layer around T. ramosissima significantly decreased over the seasons. Soil water content in the 
surface soil layer was also likely influenced by the understory vegetation of T. ramosissima. 
Because the herbaceous vegetation around T. ramosissima had not germinated and the soil surface 
was exposed in May, the soil water content in the surface soil layer was slightly lower in May 
than in September. In July, evaporation was at its peak and vigorous herbaceous vegetation also 
increased water consumption. Thus, soil water content in the surface soil layer was lowest in July. 
To sum up, T. ramosissima consume a large amount of water during the growing season, resulting 
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in a low soil water content in the deep soil layer. 
4.2 Spatio-temporal variations of soil EC. around individual T. ramosissima 


This study shows that the EC. in the surface soil layer (0-20 cm) around individual T. 
ramosissima was higher inside the canopy than outside the canopy and at the edge of the canopy 
in all sampling months (Fig. 4). A salt island was formed around the T. ramosissima due to salt 
enrichment, which is consistent with the results of Brotherson and Field (1987) and Su et al. 
(2012). This phenomenon may be attributable to the following reasons. First, Tamarix plants are 
salt-secreting species that can absorb soil salt via the roots, transport the salt to the branches and 
leaves, and finally excrete it to the outside through litterfall, thereby returning the salt to the 
surface soil (Arndt et al., 2004). Moreover, the multi-stemmed hemispheroidal crowns of Tamarix 
plants are favorable for capturing and holding the litterfall (Bochet et al., 1999), thus maximizing 
the return of salt to the surface soil. Second, the stemflow can lead to a difference in salt 
distribution around plants. Návar (1993) showed that the rainwater collected by stemflow was 
more than five-fold higher than that intercepted by the canopy in three types of sub-shrubs in a 
semi-arid region. The Tamarix plants excrete absorbed salt to the outside through their salt glands. 
Salt excreted by the branches and leaves is leached from the canopy through rainwater and then 
intercepted by the litterfall under the canopy, thereby forming a high salinity area around the 
plants. In our study, the annual rainfall is relatively low and the rainfall amount in both July and 
September was lower than the respective average monthly rainfall amount. Thus, the stemflow of 
T. ramosissima was relatively low and the salt was likely concentrated (Fan and Hong, 2001), 
thereby increasing the enrichment of salt under the canopy. Third, the non-biological environment 
has an impact on salt distribution. The EC, in the surface soil layer (0—20 cm) around individual T. 
ramosissima was significantly higher in July than in May and September, which differed from the 
results of Zhao et al. (2016), who found that the EC in the surface soil layer (0-20 cm) was 
highest in spring. This difference may be due to the fact that the stronger groundwater 
evaporation in the hot and dry summer led to the surface accumulation of salt in the current study. 
Thus, we surmise that our findings on the EC, in the surface soil layer (0—20 cm) resulted from 
the interactions of salt bioaccumulation and stemflow of T. ramosissima and non-biological 
environment in the study area. 

Generally speaking, evaporation is lower inside the canopy than outside the canopy because of 
the shading effect of the canopy. However, in this study, we found that in the surface soil layer 
(0-20 cm), the ECe was significantly higher and the soil water content was lower inside the 
canopy than outside the canopy in July. This probably occurred because the T. ramosissima 
formed a high-salinity area around its main root zone, which inhibited the growth of understory 
herbaceous vegetation. The surface soil around the main root zone of T. ramosissima was 
therefore exposed and only covered with litterfall. Consequently, evaporation in summer was 
greater in the soil exposed under the canopy than that covered with vegetation outside the canopy. 

In this study, the understory herbaceous plants around the canopy of T. ramosissima was 
dominated by S. salsa, which is a deep-rooted, salt-tolerant species (Yi and Wang, 2011). 
Absorption of salt by S. salsa might explain the presence of a low-salinity area at the 40 cm soil 
depth in July (Fig. 4b). Tamarix is highly salt-tolerant, with higher salt accumulation in the 
rhizosphere (Li et al., 2007). In our study, the salt around T. ramosissima mainly accumulated in 
the deep soil layer (Table 2), which is different from the results of Yin et al. (2010). The 
distribution characteristics of soil salinity around T. ramosossoma in this study suggest that it is 
appropriate to plant shallow-rooted, salt-tolerant plants near the Tamarix plants, and that 
herbaceous species should not be planted inside the canopy of T. ramosossoma. Furthermore, 
timely clearing of litterfall under the canopy of Tamarix plants can reduce the accumulation of 
salt in the surface soil layer and prevent the return of salt into the deep soil layer. 


4.3 Spatio-temporal variations of soil SAR. and salt ions around individual T. ramosissima 


Similar to ECe, the SARe in the surface soil layer (0—20 cm) around individual T. ramosissima 
was significantly high in all sampling months (Fig. 5). This indicates that salt enrichment under 
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the canopy of T. ramosissima was dominated by sodium, which agrees with the results of Zhang 
et al. (2016). The distribution characteristics of SARe are associated with the selective absorption 
of salt ions by Tamarix plants. The Tamarix plants have salt glands that could selectively secretes 
salt ions (Shuyskaya et al., 2017). The secretion of Na* is markedly higher than those of Ca* and 
Mg”, which may be due to the high Na* concentration in leaves and branches of Tamarix plants 
(Glenn et al., 2012; Imada et al., 2013). In the vertical soil profile, we found that the SARe was 
significantly higher at the 60—80 cm depth than at the 0-60 cm depth in May and July, and the 
SAR. at the 60-80 cm depth in September was significantly lower than those in May and July 
(Table 2; Fig. 5), which is likely related to the variations of soil water content and ECe. Li and 
Sun (2015) have suggested that the Tamarix plants can improve the saline environments by 
reducing the groundwater level. The deep roots of Tamarix plants absorb groundwater to replenish 
water lost by transpiration, resulting in a gradual drop in the groundwater level and an 
accumulation of salt in the deep soil layer (Li and Sun, 2015). During the growing period of T. 
ramosissima, a large number of Nations in the deep soil layer enters the plant via root absorption 
and then returns to the surface soil layer through secretion and litterfall (Imada et al., 2013). 
Moreover, the Na* ions may transfer to the deep soil layer along with the drop in the groundwater 
level. In this study, the significant decrease in Na* concentration and increases in Ca?*and Mg’ 
concentrations led to the SAR. at the 60-80 cm depth in September being significantly lower than 
those in May and July. 

In the study area, the cations in the soil were mainly dominated by Na* and the enrichment 
effect was relatively clear for Nat. The Na* concentration at the 40—80 cm depth was significantly 
higher in May and July than in September. However, SO4%, which was relatively abundant in the 
study area, showed no significant difference at the 60—80 cm depth among different sampling 
months (Table 3). This also suggests that T. ramosissima mainly absorb Na*. The concentrations 
of Nat, Ca**, and Mg?* all showed the largest variations in the surface soil layer (0—20 cm) in all 
sampling months. Thus, the SAR, in the surface soil layer showed significant differences inside 
and outside the canopy. Salt bioaccumulation was mainly associated with the absorption and 
transportation of salt by plant roots. Although the salt island effect was mainly present in the 
surface soil layer under the canopy, the rhizosphere activity also probably played an important 
role (Yin et al., 2012). The distribution characteristics of SARe and salt ions around T. 
ramosissima indicate that individual T. ramosissima can enrich the Nat ions around the roots. 
Furthermore, Tamarix plants have the ability to improve the saline-alkali soil and they can play a 
better role when they are planted in sodium-type saline soils. 


5 Conclusions 


Spatio-temporal variations of soil water content and salinity around natural individual T. 
ramosissima were investigated in a semi-arid saline region of the upper Yellow River. The results 
show that in the semi-arid saline regions of the upper Yellow River, T. ramosissima continuously 
absorbed deep soil water via their roots during the growing period, resulting in the decreasing in 
soil water content in the deep soil layer. Soil EC. and SAR, at the 0-20 cm depth inside the 
canopy of T. ramosissima were significantly higher than those outside the canopy, exhibiting an 
obvious salt island effect. The accumulation of salt under the canopy of T. ramosissima was 
dominated by Na*. Both season and soil depth had highly significant effects on soil water content, 
EC., and SARe, while distance from the trunk of T. ramosissima had a significant effect only on 
EC... Therefore, we recommend co-planting shallow-rooted salt-tolerant species near the Tamarix 
plants but avoiding planting herbaceous species inside the canopy of Tamarix plants. We further 
recommend choosing locations with a suitable groundwater level for planting Tamarix plants in 
the semi-arid saline regions of the upper Yellow River. 
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